The success of unconventional gas extraction is dependent on establishing sufficient permeability in otherwise low-porosity and lowpermeability formations. In the case of shale gas, permeability can be established through hydraulic stimulation of deep formations, either through existing fracture networks or by creating new pathways for fluids to flow. Coal seam gas (CSG) permeability can be established through de-pressurisation of coal beds by extracting existing sub-surface fluids.
INTRODUCTION
Extraction of unconventional energy such as shale gas and coal seam gas (CSG) has become a major global industry over the las t decade, with success driven by establishing sufficient permeability in otherwise low-permeability formations. Economic production of shale gas involves enhancing the permeability of the shale matrix by injecting fluids at high pressure to create permeable pathways for the trapped gas to escape (Curtis, 2002; Donaldson et al., 2014) . Extraction of CSG involves depressurisation, a process whereby large volumes of groundwater are extracted from coal measures to reduce formation pressure allowing the trapped gas to desorb from the coal (Aminian and Rodvelt, 2014; Seidle, 2011) . Both of these extraction techniques involve connection of fluids travelling through porous media, which may result in bulk electrical resistivity variations.
We propose the application of the passive magnetotelluric method (MT) as a novel approach to monitoring variations in electrical resistivity resulting from extraction of unconventional resources. MT is directly sensitive to electrical resistivity with de pth and orientation and could be used to infer fracture orientation, fluid migration and hydraulic conductivity. Two industrial field surveys were undertaken to test MT as a monitoring technique. The first survey involved monitoring a CSG depressurisation in Queensland, Australia, over a period of four months. The second survey was conducted in Moomba, South Australia and involved monitoring hydraulic fracturing of a shale gas formation.
METHOD AND RESULTS
The MT method measures variations of Earth's electric field, E, and magnetic induction, B, at the surface over time to determine conductive structure at depth. Magnetotelluric signals are generated from the interaction of solar winds with the Earth's magnetic field (frequencies < 1 Hz) and equatorial thunderstorm activity (frequencies > 1 Hz) (Garcia and Jones, 2002; Chave and Jones, 2012) . In the bandwidth of 0.5 to 5 Hz and 800 to 2000 Hz, there exists what is commonly referred to as the dead band at which there exists a minimum in the power spectrum. MT measurements recorded in this frequency range usually suffer from reduced quality of magnetotelluric transfer functions (Simpson and Bahr, 2005; Chave and Jones, 2012) .
MT data acquisition involves measuring orthogonal components of E and B fields at Earth's surface. The relationship between orthogonal components of E and B is defined by the complex-valued, frequency dependent impedance tensor Z The components of Z are characterised by a scaled amplitude termed apparent resistivity (ra)
and a signal phase angle f
where v is the angular frequency and µ0 represents the magnetic permeability. A measure of the depth of investigation, an electromagnetic skin-depth d can be defined as:
where r represents the mediums resistivity (s is the conductivity) and T is the signal period.
Our monitoring instrumentation records continuous time-series at 651 Hz (sampling interval of 1536 μs) over the entire length of the experiments. MT response functions were generated from the time series data as a function of both time during the survey and location in the array. For each site, windows of 72 hours (for CSG monitoring) and 96 hours (for shale gas monitoring) of down-sampled 100 Hz data were extracted (Krieger and Peacock, 2014) . MT transfer functions (impedance tensors) and error estimates in the bandwidth of 10 to 0.01 Hz were estimated from each individual section of the time-series data (Chave and Thomson, 2004) .
CSG monitoring:
An MT survey of a CSG production test site in the Surat Basin, Queensland, Australia, was conducted from December 2013 until April 2014. The target lithologies were the Walloon Coal Measures in the depth range of 300 -700 m below the surface. We deployed 52 electric field data loggers (E-loggers) and 3 sets of magnetic induction sensors (B-loggers) to produce MT response functions along two orthogonal lines, each 2.5 km in extent and crossing various production wells (Figure 1 ). Two-dimensional (2D) inversions (Rodi and Mackie, 2001 ) of responses along the recorded profiles pre-and post-depressurisation were conducted using the MT modelling software Winglink. Figure 2 shows the percentage decrease in resistivity between the preand post-inversions along Line 1. Significant decreases in resistivity in the order of 10 -15% occur, confined to an area between the mainly active production location Well 4 and the recently activated Well 5. Despite the inherently limited depth resolution of MT, the inversions indicate a depth range of change that coincides with the targeted Upper and Lower Juandah Coal Measures. In contrast, no significant change is observed in the overlying Springbox Sandstone, which contains major regional aquifers (Hamilton et al., 2014) . The temporal evolution of resistivity change for three sites (red boxes in Figure 1 ) in our study area is highlighted in Figure 3 , where 1D inversions show changes in the subsurface resistivity as a function of time. For all stations, MT responses were generated for each 72 hour block of the survey from the 24th February to the 3rd March. The immediate effects of the detailed pumping and production schedule can be observed, with Site 105 showing the largest decrease in resistivity in the Juandah Coal Measures. Much weaker effects can be observed at station 101 although the time line of the water production rate is still clearly reflected in the temporal resistivity profile. The resistivity structure of the most distant station (220) is far less affected by production when compared with closer stations. In order to determine the spatial change in resistivity, the response functions from each line in our survey area before (20 May to 24 May) and during (05 June to 08 June) pumping were inverted using a two-dimensional scheme (Rodi and Mackie, 2001 ). Figure 5 shows the percentage reduction in resistivity between inversions before and during pumping for the four lines in our study area. Significant change in the resistivity structure of between 20 -40 % below Line 3 is observed at a depth interval coinciding with the Moomba 193 well (~ 2700 m). All other lines show no change in the interval of interest. The temporal evolution of subsurface resistivity for two sites (one near hydraulic fracturing and one far away) are shown in Figure 6 . Here, the apparent resistivities for four different periods are plotted against time. Site 36 shows relatively uniform resistivities for periods below the dead-band over the 1-month interval. Periods greater than the dead band show a clear drop in resistivity coinciding with the start of pumping. 
CONCLUSIONS
Subsurface resistivity changes within the depth ranges of realistic CSG depressurisation and shale gas hydraulic fracturing intervals have been monitored with MT arrays. These response changes are above measurement error, consistent across the survey profile and comparable with production schedules. Spatial and temporal changes in response can be mapped through modelling and inversion to image resistivity changes with depth and distance.
Results from these first time surveys are promising and demonstrate that MT has great promise for monitoring both de-pressurisation and hydraulic fracturing. Nevertheless, more definitive case studies are required in order for this technology to become more commonplace. MT is an advantageous technology in that it is low-cost, leaves little environmental impact and can be deployed for continuous long-term monitoring. There exist great opportunities for innovation in survey design, potentially integrating both the MT and microseismic methods. Incorporating all known constraints in space, time and fluid characteristics can further constrain and improve interpretations and conclusions.
